Granulatimide (1) and isogranulatimide (2), isolated from the Brazilian ascidian Didemnum granulatum, [1] [2] [3] are without precedent among natural alkaloids having indole/ maleimide/imidazole-containing aromatic heterocyclic skeletons, and they show strong activity as G2 checkpoint inhibitors.
(HMBC) study. As shown in Fig. 2 , 15 was demonstrated to be the 2,5Ј-coupling product, since we observed a correlation between the methyl protons and C(2Ј), as well as C(5Ј). The HMBC spectrum of 29 was similar to that of 15, except for the long-range correlations of methylene protons of the methoxymethyl (MOM) group to C(2Ј) and C(5Ј).
Removal of the phenylthio group in product 16 was performed by treatment with Raney Ni (W-2) in MeOH to give 17 in 71% yield.
The next stage in the syntheses of 15-methylgranulatimide (11) and its analogues was carried out by the reaction of the maleimide 20a (or 20b) with the Grignard reagent 18 (or 19) generated from the coupling product 16 (or 17) in the manner described previously. 16) The reaction of 16 (or 17) with ethylmagnesium bromide in anhydrous tetrahydrofuran (THF) gave the MgBr salt 18 (or 19). The condensation of 18 with the maleimide 20a (or 20b) in THF afforded the corresponding synthon condensation product (21 or 23) in a yield of 47% or 12%, respectively. Similar condensation reaction of 19 with 20a afforded 22 in 37% yield.
We carried out the photocyclization of 21, 22 or 23 according to the reported procedure. 1, 5) Thus, when 21, 22, or 23 was irradiated with an external light source (60 W, lowpressure mercury lamp) in MeCN, we obtained the granulatimide derivative 24, 12 or 26 in 85%, 70% or 71% yield, respectively. The structures of 24 and 26 were confirmed by 1 H-and 13 C-NMR, and high resolution (HR)-MS. The 13 C-NMR of 24 indicated that the imidazole C-4Ј tertiary carbon signal (131.5 ppm) of 21 had disappeared, and a new quaternary carbon signal had appeared at 135.5 ppm, while the molecular ion peak at m/z 412 (M ϩ ) was observed in the mass spectrum. Deprotection of the phenylthio group in 24 or 26 was performed with Raney Ni in MeOH (Chart 3). 10,15-Dimethylgranulatimide (12) and 15-methylgranulatimide (11) were obtained in 33% and 41% yields, respectively. Compound 12 was converted to 11 without isolation of the intermediate, according to Steglich's procedure. 16) The maleimide group was transformed into the anhydride (25) by alkaline hydrolysis followed by treatment with acid. Heating of the crude anhydride with ammonium acetate gave 11 in 17% overall yield. Thus, a straightforward and efficient synthesis of new granulatimide analogues, 11 and 12, has been developed. We then turned to the syntheses of 10-methylgranulatimide (7) (a tautomer of 10) and 10-methylisogranulatimide B (5). A similar sequence of reactions to that described above for the preparation of 21 provided ready access to the condensation product of 29 with 20a, via Grignard reaction in THF, affording 31 in 50% yield. Subsequent photocyclization reaction afforded a mixture of products. Flash chromatography of this material on silica gel provided 33 and 34 in 50 and 47% yields, respectively. It was considered that the leaving HBr reacted with the cyclization product 33 to remove the N-MOM protecting group, affording 34.
As expected, the 1 H-NMR spectrum of 33 is very similar to that of 24, except that the resonance due to the imidazole N-MOM function in 33 (d 3.27) replaces the corresponding N-Me signal (d 4.17) of 24. Furthermore, the H-13 C COSY data substantiated the structure of 33. The conversion of 33 into 34 by refluxing in 10% HCl was clean and efficient. The phenylthio group of 34 was easily removed in moderate yield by the use of excess Raney Ni in refluxing MeOH to give 7.
Based on the structural determination of 1 by Berlinck and co-workers, 1) the combination of an intramolecular hydrogen bond stabilizing the HN-17 tautomer and a severe steric interaction destabilizing the HN-15 tautomer may be responsible for suppressing the imidazole NH tautomerization in granulatimide (1) . Direct comparison of 7 with a previously synthesized sample 6) confirmed the identity of the two in all respects [mp, TLC, MS, IR, 1 H-and 13 C-NMR spectra], supporting the HN-17 tautomer structure of 7.
When the order of the above reactions was changed, the removal of the MOM function from 31 by refluxing with 10% HCl led to 32, and subsequent photocyclization reaction afforded 34 in 95% yield.
On the other hand, when a solution of 32 in nitrobenzene was heated at 200°C, thermal cyclization proceeded to give 35 in 62% yield. In the 1 H-NMR spectrum of 35, in comparison with that of 32, the imidazole NH proton signal (d 13.07) had disappeared, and the C-4 proton signal (d 7.73) remained (d 8.94), while HR-MS showed M ϩ at m/z 398 and gave a molecular formula of C 22 H 14 N 4 O 2 S. Consequently, this product was confirmed to be 10-methyl-17-phenylthioisogranulatimide B (35).
Subsequent desulfurization with Raney Ni in MeOH gave isogranulatimide B (5) in 45% yield. As expected, the 1 H-NMR spectrum of 5 is very similar to that of 4, except that the maleimide N-Me proton signal (d 3.07) in 5 replaces the corresponding N-H signal of 4, as reported previously. 5) As anticipated for this analogues series, 35 and 5 were extremely insoluble in most common organic solvents.
Thus, a new synthetic route to positional analogues of granulatimide, 11, 12, 7, and to isogranulatimide B (5), has been established by the construction of the indole-imidazole (2,5Ј-) nucleus (route B) based on the same strategy as in the previous synthesis. Studies on the biological activity of these analogues are in progress.
Experimental
All melting points (mp) were determined on a Yanagimoto micromelting point apparatus and are uncorrected. Infrared (IR) spectra were recorded with a JASCO IR-700 spectrometer.
1 H-and 13 C-NMR spectra were obtained on JMN-AL 300 and JMN-a 500 spectrometers. The chemical shifts were given in ppm (d) values with tetramethylsilane as an internal standard (DMSO-d 6 and CDCl 3 ). Mass spectra were recorded on JEOL JMS-D 300, JMS-HX 110 and Shimadzu QP-5000 spectrometers. Wako silica gel C-200 (200 mesh) was used for column chromatography. Merck Kieselgel 60F 254 was used for thin-layer chromatography (TLC), and spots were detected by ultraviolet (UV) illumination and by spraying 1% Ce(SO 4 ) 4 in 10% H 2 SO 4 followed by heating. The organic extract was dried over Na 2 SO 4 . Tetrahydrofuran (THF) was distilled from sodium-benzophenone under nitrogen atmosphere before use. Low pressure mercury lamp (EL-120) was used for irradiation.
5-(1-Methoxy-1H-indol-2-yl)-1-methyl-2-phenylthio-1H-imidazole (15)
n-BuLi in n-hexane (1.5 mol/l, 8 ml, 12 mmol) was added to the stirred solution of 1-methoxyindole (1.47 g, 10 mmol) in THF (70 ml) at Ϫ78°C under nitrogen atmosphere, and the mixture was stirred for 30 min. Then, Bu 3 SnCl (4.88 g, 15 mmol) in THF (30 ml) was added dropwise, and the mixture was stirred for 30 min. The reaction mixture was allowed to warm to ambient temperature, and stirred additional 30 min. The reaction mixture was extracted with Et 2 O, washed with brine, dried and concentrated. The residue was treated with 14 (3.16 g, 10 mmol) and PdCl 2 (PPh 3 ) 2 (702 mg, 1 mmol) in toluene (50 ml). The reaction mixture was refluxed overnight. Then, solvent was removed in vacuo, and the residue was extracted with AcOEt, washed with brine, dried and concentrated. The residue was subjected with silica gel chromatograph (AcOEt : n-hexaneϭ1 : 4) to give 2.19 g (65%) of 15 as a white powder (from Et 2 O-n-hexane 
5-(1H-Indol-2-yl)-1-methyl-2-phenythio-1H-imidazole (16)
The mixture of 15 (167 mg, 0.5 mmol) and Mg (240 mg, 10 mmol) in MeOH (10 ml) was refluxed for 1 h. Then, the reaction mixture was worked up with aq. NH 4 Cl, extracted with AcOEt, washed with brine, dried and concentrated. The residue was purified by silica gel chromatograph (acetone : nhexaneϭ1 : 2) to give 140 mg (92%) of 16 as a colorless needls (from AcOEt-n-hexane -4-[2-(1-methyl-2-phenylthio-1H-imidazol-5-yl)-1H-indol-3-yl]-1-methyl-pyrrole-2,5-dione (21) Compound 16 (305 mg, 1 mmol) in THF (7 ml) was added to the solution of EtMgBr, prepared from Mg (48 mg, 2 mmol) and EtBr (436 mg, 4 mmol) in THF (4 ml), and the resulting mixture was stirred at ambient temperature under nitrogen atmosphere for 30 min. Then, 20a (322 mg, 1.2 mmol) in THF (4 ml) was added dropwise, and the mixture was stirred for 1 h. The reaction mixture was worked up with aq. NH 4 Cl, extracted with AcOEt, washed with brine, dried and concentrated. The residue was subjected with silica gel chromatograph (acetone : n-hexaneϭ1 : 4) to give 231 mg (47%) of 21 as an orange needles (from acetone-n-hexane -4-[2-(1-methyl-1H-imidazol-5-yl)-1H-indol-3 -yl]-1-methylpyrrole-2,5-dione (22) EtBr (218 mg, 2 mmol) was added dropwise to the mixture of 17 (98 mg, 0.5 mmol) and Mg (24 mg, 1 mmol) in THF at ambient temperature under nitrogen atmosphere, and the mixture was stirred until Mg was dissolved. Further, this mixture was stirred for 1 h. Then, 20a (134 mg, 0.5 mmol) in THF (5 ml) was added dropwise, and the mixture was stirred overnight. The reaction mixture was worked up with aq. NH 4 
3-Bromo-4-[2-(1-methyl-2-phenylthio-1H-imidazol-5-yl)-1H-indol-3-yl]-pyrrole-2,5-dione (23)
Compound 16 (76 mg, 0.25 mmol) was treated with EtMgBr, followed by 20b (63 mg, 0.25 mmol) as described for 21 to give 14 mg (12%) of 23 as an orange powder (from AcOEt-n-hexane 
5-(1-Methoxy-1H-indol-2-yl)-1-(methoxymethyl)-2-phenylthio-1H-imidazole (28)
n-BuLi in n-hexane (2.6 mol/l, 4 ml, 11 mmol) was added to the stirred solution of 1-methoxyindole (1.47 g, 10 mmol) in THF (10 ml) at Ϫ78°C under nitrogen atmosphere, and the mixture was strried for 20 min. Then, the solution of Bu 3 SnCl (3.9 g, 12 mmol) in THF (6 ml) was slowly added to the mixture, and the reaction mixture was warmed to ambient temperature, and stirred for 30 min. The reaction mixture was worked up with H 2 O, extracted with Et 2 O, washed with brine, dried and concentrated. The residue was treated with 27 (3.46 g, 10 mmol) and PdCl 2 (PPh 3 ) 3 (70 mg, 0.1 mmol) in benzene (30 ml), and the mixture was refluxed under nitrogen atmosphere overnight. The solvent was removed in vacuo, and the residue was dissolved in AcOEt. The organic layer was washed with brine, dried and concentrated. The residue was purified by silica gel chromatograph (AcOEt : n-hexaneϭ1 : 10) to give 2.34 g (64%) of 28 as an oil. IR (KBr) cm 
5-(1H-Indol-2-yl)-1-(methoxymethyl)-2-phenylthio-1H-imidazole (29)
The mixture of 28 (164 mg, 0.45 mmol) and Mg (216 mg, 9 mmol) in MeOH (10 ml) was refluxed under nitrogen atmosphere for 1 h. The reaction mixture was worked up with aq. NH 4 Cl, extracted with CH 2 Cl 2 , washed with brine, dried and concentrated. The residue was purified by silica gel chromatograph (AcOEt : n-hexaneϭ1 : 2) to give 114 mg (76%) of 29 as a colorless needles (from AcOEt-n-hexane -4-[2-(2-phenylthio-1H-imidazol-5-yl)-1H-indol-3-yl]-1-methyl-pyrrole-2,5-dione (32) The mixture of 31 (261 mg, 0.5 mmol) and 10% aq. HCl (10 ml) in MeOH (6 ml) was refluxed for 3 h. After cooling, the reaction mixture was basified with aq. NaHCO 3 , and extracted with CH 2 Cl 2 , washed with brine, dried and concentrated. The residue was purified by silica gel chromatograph (acetone : n-hexaneϭ1 : 2) to give 228 mg (95%) of 32 as a red powder (from CHCl 3 -n-hexane 10-Methyl-16-phenylthiogranulatimide (34) From 33: The suspension of 33 (44 mg, 0.1 mmol) in 10% aq. HCl (6 ml) was heated at 100°C for 4 h. After cooling, the reaction mixture was basified with aq. NaHCO 3 , and then the resulting solid material was corrected to give 38 mg (95%) of 34 as a yellow powder (from acetone-n-hexane).
From 32: Compound 32 (47 mg, 0.1 mmol) was irradiated as described for 24 to give 38 mg (95%) of 34 as a yellow powder (from acetone-n-hexane 6) Compound 34 (20 mg, 0.05 mmol) was treated with Raney Ni as described for 17 to give 8 mg (55%) of 7 as a yellow powder (from MeOH).
10-Methyl-17-phenylthioisogranulatimide B (35)
The solution of 32 (96 mg, 0.2 mmol) in nitrobenzene (2 ml) was heated at 200°C for 3 h. After cooling, the reaction mixture was purified by silica gel chromatograph (AcOEt : n-hexaneϭ1 : 4) to give 49 mg (62%) of 35 as a red powder (from MeOH 
